We demonstrate the use of a plasma mirror to obtain 60 fs 10 TW laser pulses with a temporal contrast of 10 8 on a ns time scale and 10 6 on a ps time scale, and we use these high-contrast pulses to generate high harmonics by non-linear reflection on a plasma with a steep electronic density gradient. Well-collimated harmonics up to 20th order are observed for a laser intensity of ≈3.10 17 W/cm 2 , while no harmonics are obtained without the plasma mirror.
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We demonstrate the use of a plasma mirror to obtain 60 fs 10 TW laser pulses with a temporal contrast of 10 8 on a ns time scale and 10 6 on a ps time scale, and we use these high-contrast pulses to generate high harmonics by non-linear reflection on a plasma with a steep electronic density gradient. Well-collimated harmonics up to 20th order are observed for a laser intensity of ≈3.10 17 W/cm 2 , while no harmonics are obtained without the plasma mirror. The development of very high-intensity sub-picosecond lasers has opened the route to the experimental study of an extreme regime of laser-matter interaction 1 , for which one of the key elements is the ability to generate pulses that are extremely clean.
Specifically, for such experiments, it is essential to use laser beams with an extremely high temporal intensity contrast. This is especially true for experiments involving laser-solid interaction: a too high pedestal fluence leads to the creation of a pre-plasma at the surface of the solid target, before the arrival of the main pulse. As this plasma expands, its prevents the interaction of the main pulse with a steep density-gradient solid target. This impedes the systematic study of numerous exciting highintensity laser-solid interaction processes.
We have recently carried out a detailed characterization 2 of a plasma mirror (PM) system 3 , which considerably improves the temporal contrast of high-intensity lasers. This system consists in focusing the laser beam on a low reflectivity vacuum-dielectric interface, so that most of the pedestal energy is transmitted, while the main pulse is reflected, the medium becoming reflective when the density of conduction electrons generated by the strong field overcomes the critical density at the laser wavelength.
In this letter, we present a direct measurement of the contrast enhancement resulting from the implementation of a PM on a 10 TW laser. To demonstrate the usefulness of such a system for high-intensity experiments, we then compare high-order harmonics spectra obtained by reflection on a solid target, with and without the PM.
The experiments were performed on the UHI10 laser at the Saclay Laser Interaction Center (SLIC). This Ti:Sapphire laser produces pulses of 600 mJ energy and 60 fs duration at a wavelength of 800 nm, with a maximum repetition rate of 10 Hz. It is based on the standard chirped pulse amplification technique 4 .
The first experiment aimed at measuring the improvement of the temporal contrast obtained with the PM. In order to minimize the amplified spontaneous emission (ASE) and prepulses reflection, the PM consisted in an anti-reflection coated dielectric plate. The laser beam, focused by an f/6 off-axis parabola (f =500 mm), was S-polarized with respect to the PM surface in order to maximize the PM reflectivity once it has triggered 2 . We adjusted the incident fluence to about 60 J/cm 2 , by setting the PM at an appropriate distance (12 mm) before the focus of the beam. According to our previous study 2 , this leads to a peak reflectivity (i.e. at the temporal and spatial maximum of the pulse) close to 70%, and to an overall reflectivity (i.e. averaged over space and time) of about 60%. Given the initial reflectivity of the multilayer target (less than 0.3 % at 800 nm), this is expected to increase the temporal contrast by a factor >200. After the PM and after attenuation by reflection on wedged silica plates, the reflected beam was collected by an image relay system. We imaged the focal spot of the beam, located 12 mm after the PM, and found it to be 30 µm in radius. This is similar to the focal spot size obtained without a PM, which indicates that the PM does not significantly degrade the beam wavefront.
We then measured the temporal contrast of the beam with and without the PM. Here, this was achieved using a "SEQUOIA" third order correlator (Amplitude technologies), which allows to observe even asymmetric reductions of the pedestal, as opposed to a second order autocorrelation 5 . The high dynamics of this device (>10 9 ) was obtained by varying the detector (photomultiplier) high voltage power supply, and by using a set of calibrated neutral density filters, thus keeping the signal within the range of operation of the 12 bits digitizing card. The third-order correlation traces of the laser pulse with (points) and without (line) the PM are shown in Fig. 1 . The data without the PM have been obtained using the maximum repetition rate of 10 Hz. Each point is an average over 3 shots. The resolution is 120 fs and 17 fs separates two successive points. On the long time scale, from a few ns to about 30 ps before the main pulse, the signal, of about 2.10 −6 , results from ASE. In this range, the significant amplitude variations (≈30 % RMS) of the signal result from the shot-to-shot fluctuations of the ASE level. A stronger signal starts 20 ps before the main pulse: its complex but reproducible structure originates from imperfect pulse recompression (due for instance to residual aberrations in the spectral phase of the main pulse), as well as from possible satellite pulses generated in the laser chain.
The cross-correlation recorded with the PM comprises much fewer points, because of the limited number of shots (≈20) available on the PM target in our configuration. Each point is an average over 2 to 3 shots. Nevertheless, it is clear that the contrast has been improved by about 2 orders of magnitude, as expected.
The second experiment aimed at using the PM in the very same configuration as above, to study the interaction of an ultra-intense laser pulse with a solid target. Having efficiently reduced the pedestal allows the main laser pulse to interact with a steep electronic density gradient, much shorter than the wavelength of the laser field. We have concentrated on the high harmonics produced in the specular direction by non-linear reflection of the laser beam. This process is expected to be very sensitive to the steepness of the electron density gradient [6] [7] [8] . In the case of a steep gradient, one possible interpretation of harmonics generation is given by the "oscillating mirror" model 9 : the laser field drives an oscillation of the critical density surface of the plasma, giving rise to a phase modulation of the reflected beam. In contrast with high-harmonics generation in gases, both odd and even harmonics are expected at non-normal incidence. Calculations 10 as well as experiments 8 report strong efficiencies leading to XUV pulses in the 1-100 µJ range.
A dielectric target (BK7) is placed at the focus of the parabola, i.e. 12 mm after the PM. It is rotated by 90
• with respect to the PM (see Fig. 2 ), so that the laser
Geometrical configuration for the high-order harmonics generation experiment. The laser beam is Spolarized with respect to the PM plane, and P-polarized with respect to the target plane.
beam is P-polarized on this target. According to the oscillating mirror model, this is expected to maximize the harmonics generation. The light reflected from the target is sent in a standard flat field XUV spectrometer. The target can be rotated by ±5 degrees in order to analyze the XUV angular distribution.
The upper graph in Fig. 3 shows a typical harmonics spectrum obtained in a single shot with this set-up. Given the focal spot diameter, the beam energy and the reflectivity of the PM, the peak intensity on the target is estimated to be 3.10 17 W/cm 2 . All harmonics, both even and odd, are clearly observed up to the 20th order. Fig. 3 . Upper graph: harmonics 14 to 20 generated by the non-linear specular reflection of an intense high-contrast laser pulse, obtained with a plasma mirror, on a dielectric target. This spectrum is recorded in single shot. Lower graph: comparison of the harmonics spectra obtained with (solid line) and without (dashed line) the plasma mirror.
The angular profiles of harmonics 11 and 14 are shown in Fig. 4 . The XUV beam divergence is very small, and for the two harmonics shown here, smaller than the fundamental beam divergence (3.3 degrees) as already observed by Tarasevitch et al 6 . This is consistent with a non-linear reflection from a planar surface, which tends to prove that the plasma does not have time to expand, and consequently that the electronic density gradient is step-like.
To definitively prove that using a PM is highly beneficial to study high-intensity laser-solid interaction, we have compared the harmonics spectra, with and without the PM (see the lower graph of Fig. 3) . No harmonics are detected when there is no PM: we only observe incoherent plasma emission.
This last result can be interpreted by a simple order of magnitude calculation. Since the ASE pedestal lasts about 2 ns, in the situation without PM (5 x 10 5 temporal contrast), the pedestal fluence reaches 1200 J/cm 2 , well above the typical nanosecond damage threshold of dielectrics (≈40 J/cm 2 for silica). Thus, an expanding pre-plasma is formed, that eventually prevents an efficient high harmonic generation. On the opposite, the contrast gain with the PM lowers the pedestal fluence to 12 J/cm 2 , below the damage threshold, thus preserving the step-like density gradient and leading to harmonics generation. This calculation is confirmed by our last experiment, where we focused the laser beam more tightly on the target (f/2.5 parabola), to reach an intensity of 2.10 18 W/cm 2 . Under these conditions, no harmonics could be detected, and a strong diffusion of the fundamental beam was observed after the target. The previous calculation predicts a pedestal fluence of 72 J/cm 2 , above the damage threshold of the target. Simply comparing the pedestal fluence to the ns breakdown threshold of the target thus appears to give a rough criterion to determine whether the temporal contrast of a femtosecond pulse is good enough for a high-field laser-solid experiment.
We note that harmonics have been observed by other groups in experiments performed at higher laser intensities 11, 12 , without a high temporal contrast, or even using a well-defined prepulse. These harmonics were mainly created in the plasma expanding in front of the surface. In the strongly relativistic regime (>10 19 W/cm 2 ), the ponderomotive force overcomes the thermal pressure, and this results in a steepened density profile. In this regime, the critical density surface is rippled and a broad angular distribution is observed 12 in contrast with the present work.
This work shows that using a well-characterized plasma mirror 2 allows systematic studies of ultra-high intensity laser-plasma interactions with steep electron density gradients, which are still lacking so far. However, to extend these studies in the truly relativistic regime (Iλ 2 ≈10 18 W/cm 2 and above) will require the use of two successive plasma mirrors 7 , resulting in temporal contrasts of 10 10 -10 11 on a ns time scale, and 10 7 -10 8 on a ps time scale.
